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ABSTRACT: We report grating-coupled surface plasmon
resonance measurements involving the use of dispersion
images to interpret the optical response of a metal-coated
grating. Optical transmission through a grating coated with a
thin, gold ﬁlm exhibits features characteristic of the excitation
of surface plasmon resonance due to coupling with the
nanostructured grating surface. Evidence of numerous surface
plasmon modes associated with coupling at both front (gold/
air) and back (gold/substrate) grating interfaces is observed.
The inﬂuence of wavelength and angle of incidence on
plasmon coupling can be readily characterized via dispersion
images, and the associated image features can be indexed to matching conditions associated with several diﬀracted orders at both
the front and back of the grating. These features collapse onto a set of global dispersion curves when plotted as peak energy
versus the grating wavevector, with feature locations clustered according to the refractive index values of the neighboring
dielectric material, either air or polycarbonate. Coating of the grating with multilayer arachidic acid ﬁlms via Langmuir−Blodgett
deposition results in red-shifting of some, but not all, of the plasmon features. The magnitude of the shift is a function of the ﬁlm
thickness, wavelength, and angle of incidence. Dispersion images clearly depict the red-shifting and also broadening of the front
side features with increasing ﬁlm thickness. In contrast, little change is observed in features associated with the back-side of the
grating. The nature and magnitude of the interaction between the plasmon modes appearing at the front and back sides of the
grating are discussed and analyzed in terms of the predicted interactions determined via optical modeling calculations.
Optical sensors based upon surface plasmon resonance(SPR) have become exceedingly popular analytical tools
for thin ﬁlm and adsorption sensing.1 One of the key design
parameters for SPR sensors is the choice of optical coupler,
which is needed to match the momentum of an input light
wave to the surface plasmons at a metal/dielectric interface.
The most commonly used coupling method is the so-called
Kretschmann−Raether conﬁguration, whereby attenuated total
internal reﬂection at the interface of a high refractive index
prism is used to generate the matching conditions necessary to
excite surface plasmons.2 An alternative and increasingly
attractive approach is one that exploits nanostructured surfaces
to couple to surface plasmons.3 Some examples of nanostruc-
tures used for SPR sensing include nanohole arrays,4 single
nanometer-scale holes,5 nanoslit arrays,6 nanopyramids,7 and
various grating-type and diﬀractive nanostructures.8 One of the
most readily accessible nanostructures that can be used to
excite surface plasmons are those based upon diﬀraction
gratings.9 Notably, the very ﬁrst observation of surface
plasmons was made in 1902 by Wood when studying a
metallic diﬀraction grating.10 Gratings are advantageous in that
they are commercially available in a variety of forms, either as
optical elements used for spectroscopy or as CDs, DVDs, and
blue-ray discs. In addition, custom gratings can be readily
fabricated via machining and laser-based interferometry
techniques.8a−e,11
Grating-based SPR sensing has several key advantages
compared to other SPR methods.1c,12 Gratings represent an
inherently information-rich substrate due to surface plasmons
appearing not only in the directly reﬂected or transmitted peaks
but also in the various diﬀracted orders.11a In addition, the
plasmon response is highly tunable based upon the grating
proﬁle. Indeed, changing the amplitude, shape or pitch of the
grating has a dramatic eﬀect on the wavelength and shape of the
plasmon resonance.8a,13 Thus, this substrate represents a highly
ﬂexible and tunable platform for sensor development.
One of the challenges associated with grating-based SPR
platforms involves the fact that the nature of this surface is
complex and can lead to the simultaneous excitation of multiple
surface plasmons and overlap between those various modes.
For example, more than one surface plasmon mode can be
excited due to the opportunity for coupling to several diﬀracted
orders from the grating interface.14 In addition, the two-sided
nature of grating couplers allows surface plasmons to be excited
at both metal/dielectric interfaces. This means that surface
plasmons can exist at both the “front” and “back” sides of the
grating. Ultimately, the formation of multiple surface plasmons
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leads to the appearance of additional features and complexity in
the optical response, which can complicate interpretation of
this data. In order to address the added complexity of grating-
coupled SPR, we describe the use of dispersion images to
provide a detailed picture of surface plasmon excitation at a
model metal-coated grating. Notably, dispersion imaging has
been previously used to characterize surface plasmons at
various nanostructures3a and has been particularly useful in the
analysis and control of surface plasmon-coupled emission
phenomena.15
In this work, an asymmetric grating composed of a plastic/
metal/ambient interface is constructed and analyzed via
automated angle-scan transmission measurements, which are
used to construct dispersion images. Various optical features in
this response are analyzed in terms of the associated diﬀracted
orders at the metal/dielectric interface to accurately identify the
origin of these features. These data are also compared to results
from optical modeling. The impact of a dielectric coating
consisting of a multilayer Langmuir−Blodgett ﬁlm is also
examined in terms of the shifts (or lack thereof) of the various
plasmon peaks. These results are compared to theoretical
predictions based upon optical modeling calculations.
■ EXPERIMENTAL SECTION
Materials and Reagents. Arachidic acid and chloroform
were purchased from Sigma Aldrich (St. Louis, MO). All
chemicals and reagents were used as received. Deionized water
with electrical resistivity greater than 18 MΩ·cm was used
during rinsing and cleaning procedures (NANOPure, Barn-
stead, Dubuque, IA). Recordable digital versatile discs (DVD-R,
4.7GB) were purchased from Inkjet Art Solutions (Salt Lake
City, UT). Gold (99.999%) and Tungsten wire baskets were
purchased from Ted Pella, Inc. (Redding, CA).
Grating Construction. Gratings substrates were prepared
from commercial DVD-Rs, which were split with a razor blade,
cleaned, and then coated with a thin layer of gold, as described
previously.8c Gold was coated to a thickness of ∼40 nm using a
thermal metal evaporator (Benchtop Turbo III, Denton
Vacuum). The metal thickness was veriﬁed during deposition
using a quartz crystal thickness monitor and conﬁrmed
postdeposition using a combination of atomic force microscopy
and optical absorbance measurements.
Langmuir−Blodgett Deposition. Multilayer ﬁlms of
arachidic acid were deposited onto the gold-coated grating by
Langmuir−Blodgett deposition using a computer-controlled
deposition trough (Model 610, Nima Technologies). Films of
arachidic acid were spread onto a pure water subphase using
chloroform as a solvent. Following solvent evaporation, the
surface ﬁlm was compressed to a surface pressure of ∼15 mN
m−1. Films were then formed on the grating substrates by
automated dip-coating. Gratings were translated at a rate of 1
mm min−1 through the air/water interface, and the arachidic
acid was replenished between deposition strokes to maintain a
constant surface pressure. Film thicknesses were conﬁrmed
using a combination of quartz crystal gravimetry, ellipsometry,
and atomic force microscopy.
Atomic Force Microscope (AFM) Imaging. AFM images
of the sample surfaces were acquired with a Dimension 3100
scanning probe microscope and Nanoscope IV controller
(Veeco Metrology, LLC, Santa Barbara, CA). Imaging was
performed in tapping mode using silicon TESP7 AFM tips
(Veeco Metrology, LLC, Santa Barbara, CA) with a spring
constant of ∼70 N m−1 and a resonance frequency of ∼280
kHz.
Optical Characterization. All optical transmission meas-
urements were carried out using a custom-built optical system
(Figure S.1, Supporting Information). White light from a
tungsten-halogen source (Model LS1, Ocean Optics, Dunedin,
FL) was collimated using a convex lens with focal length of 150
mm (Newport Corp.). The resulting beam passed through a
Glan Thompson polarizer before illuminating the grating
sample through a 2 mm diameter aperture. The sample was
mounted on a motorized, rotating sample stage (Model
PRM1Z8, Thorlabs) for automated alignment and rotation.
The transmitted light was collected using a 600 μm optical ﬁber
and recorded with a ﬁber optic spectrometer (SD2000, Ocean
Optics, Inc., Dunedin, FL). Dispersion images were acquired by
rotating the sample using the motorized sample stage and
synchronizing this rotation with the acquisition of transmission
spectra through the spectrometer using a custom Labview code.
Optical Modeling. The rigorously coupled wave analysis
(RCWA) method was used to model the optical response of
the grating with various coated layers, as described previously.16
Brieﬂy, diﬀraction eﬃciencies were computed for transmitted
and reﬂected light using both transverse magnetic (TM) and
transverse electric (TE) incident light as a function of
wavelength and angle of incidence. A custom-built code was
written in Matlab to perform the computations. The grating
geometry was approximated on the basis of ﬁtting AFM images
of the grating surface. The surface proﬁle of the grating was
represented using two-diﬀerent shapes, one with a sawtooth
proﬁle and the other with a more segmented shape, and both
having a pitch of 700 nm and amplitude of 120 nm.
Wavelength-dependent refractive index values used in the
computations included published values for gold.17 The
polycarbonate substrate was modeled using the Sellmeier
equation.18
■ RESULTS AND DISCUSSION
A representative sample geometry used for grating-coupled
surface plasmon resonance (GC-SPR) is depicted in Scheme 1.
A typical sample consists of an optically transparent substrate
(polycarbonate, in this case) on which the grating topology is
molded. A thin gold ﬁlm is coated on one side of the grating in
order to support the generation of surface plasmon polaritons
Scheme 1. Schematic of Grating Showing Air/Film/Metal/
Polycarbonate Interfaces and Primary Reﬂected (Ri) and
Transmitted (Ti) Modes from Several Diﬀracted Orders at
the Front (Metal/Film) and Back (Metal/Polycarbonate)
Grating Interfaces
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(SPPs) at the metal/dielectric interfaces. For sensing
applications, a thin ﬁlm or adsorbate is anchored at the
metal/air interface, which changes the local dielectric environ-
ment near the metal surface and perturbs the resonance
conditions for the SPPs. This generally produces a red-shift in
the resonance conditions that can be observed through changes
in the transmitted or reﬂected light.2a Coupling to SPPs can
occur via several diﬀerent diﬀracted orders on both back (gold/
polycarbonate) and front (gold/ﬁlm/air) sides of the grating
interface and can be observed in both transmission (T) and
reﬂection (R) modes, as depicted in Scheme 1.
Grating-coupled SPR has been shown to produce enhanced
optical transmission at speciﬁc wavelengths associated with a
matching of the grating wavevector with that of SPPs at the
metal/dielectric interface.8c,19 An example of this enhancement
is shown in Figure 1, which depicts a series of p-polarized
transmission spectra for light incident on a gold-coated grating
as a function of angle of incidence. An enhanced transmission
peak is evident at ∼750 nm for directly transmitted light (θ =
0°). Changing the angle of incidence shifts the location of the
enhanced transmission peak, as well as produces additional
features in the transmission spectra. Indeed, several of the peaks
appearing in Figure 1 can be indexed according to speciﬁc
diﬀracted orders coupling to SPPs in the metal ﬁlm, and the
change in these peak positions with angle of incidence has been
previously noted.8c,19a A closer look at the various transmission
spectra shows ﬁne structure, however, that is diﬃcult to
immediately identify.
A more complete picture of the transmission response, and
greater detail about the subtle features observed in the spectra,
can be more readily seen in the form of a dispersion image
(Figure 2A). This image represents a dense compilation of
experimentally measured spectra taken over a range of incident
angles. These data were acquired by recording p-polarized
transmission spectra every 0.5° while rotating the sample
grating about its axis using a computer controlled rotation
stage. The image was normalized by dividing it by the s-
polarized transmission spectra of a ﬂat, gold-coated surface with
the same gold thickness. Within this dispersion image appears a
series of crossing lines of either enhanced (light) or suppressed
(dark) intensity. At the center of the image, for example, is a
pair of light-colored features in the form of an x-pattern
associated with the most intense, enhanced light transmission.
These features correspond to SPPs generated at the gold/air
interface through coupling to the grating’s ± 1 diﬀracted orders
(the +1 order has a negative slope and the −1 order has a
positive slope).8c Additional light and dark lines are also seen
throughout the image. These additional features are also SPPs,
which are generated through coupling to various other
diﬀracted orders at either the front (gold/air) or the back
(gold/polycarbonate) sides of the grating (vide infra).
Identifying the speciﬁc location (front or back of grating)
and diﬀracted orders associated with each of these features can
be achieved by indexing them with respect to the grating (kgr)
and surface plasmon (ksp) wavevectors. The matching condition
between the SPP and a grating is given by:
π
λ
ε ε
ε ε
π
λ
θ π= ′′ +
= +
Λ
=k n m k2 2 sin 2sp M D
M D
gr
(1)
where λ is the wavelength of light, εM′ is the real part of the
metal’s dielectric constant, εD is the dielectric constant of the
neighboring layer (polycarbonate or air), n is the refractive
index of the incident medium (air), θ is angle of incidence, m is
an integer (0, ±1, ±2, ...) indicating the diﬀracted order, and Λ
is the grating pitch.1b,2a,9 Using this formula, the dispersion
relations for SPP matching in a gold ﬁlm can be determined for
the various diﬀracted orders. Figure 2B depicts these relations
Figure 1. Experimental transmission spectra (p-polarized light)
through gold-coated (40 nm) DVD grating as a function of wavelength
and angle of incidence.
Figure 2. (A) Dispersion image showing a compilation of
experimental p-polarized transmission data (Tp) versus wavelength
and angle of incidence through a gold-coated grating. The data has
been normalized by dividing by the s-polarized transmission spectra of
a ﬂat surface with the same gold thickness. (B) Calculated SPR
matching conditions for gold-coated grating having a 700 nm pitch.
The matching conditions and corresponding diﬀraction orders are
identiﬁed with solid and dashed lines. All backside (gold/
polycarbonate) diﬀraction features are identiﬁed with (b) and dashed
lines. The remaining front side (gold/air) features are identiﬁed with
solid lines.
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for several diﬀracted orders corresponding to the front (gold/
air, solid lines) and back (gold/polycarbonate, dashed lines) of
the grating. The primary front side feature of note is the
matching associated with the +1 and −1 diﬀracted orders. As
noted earlier, these correspond to the largest enhanced
transmission features in the experimental dispersion image
(Figure 2A). In addition, there are features associated with
coupling to the ±2 diﬀracted orders at the front side of the
grating. These appear as enhanced transmission at larger angles
and lower wavelengths in the experimental data. The majority
of the other features in the dispersion images, which are
primarily dark features, can be associated with SPPs generated
at the back or polycarbonate/gold side of the grating (as noted
by dashed lines in Figure 2B). All of these back-side SPPs
appear as reduced transmission or valleys in the experimental
dispersion images.
The various features associated with the front and back-side
SPPs can also be considered in terms of the overall dispersion
relations as described in eq 1. In particular, if one plots the
matching conditions for the SPPs in terms of the plasmon
energy (in eV) versus the grating wavevector (in nm−1), the
front and back-side features all collapse onto two curves,
distinguished by the refractive index value of the material at the
speciﬁc metal/dielectric interface. Figure 3 shows such a plot,
where the calculated results from Figure 2B have been recast in
terms of the peak energy (E) versus the grating wavevector
(kgr).
20 All diﬀracted orders associated with SPPs at the metal/
air interface collapse onto the line associated with the dielectric
constant for air (nD = 1, solid line), while all those associated
with the metal/polycarbonate interface collapse onto the line
associated with a refractive index of nD ∼ 1.55 (dashed line),
which is approximately the value reported for polycarbonate in
the visible spectrum.18 In addition, when data from the light
(open squares) and dark (ﬁlled squares) features in the
experimental data in Figure 2A are plotted in Figure 3, they all
fall on either the front or back-side curves, corresponding to the
refractive index of the nearest dielectric material.
Although the comparison between the SPP matching
condition (eq 1) and the experimental results showed good
agreement in terms of feature location, subtle details in the
experimental data, such as the intensity of the transmitted light
or details of the regions where front and back-side features
overlap, cannot be represented by this equation. In order to
more fully explore the nature of the various features in the
dispersion image, a simulation of the optical transmission
through a model grating structure was performed. Two
diﬀerent grating shapes were examined. Both shapes are
approximations of the measured proﬁle of the grating surface
(Figure S.2, Supporting Information). The ﬁrst modeled
topology was a simple sawtooth proﬁle having the same pitch
and amplitude as the sample grating. The structure in the
optical model was constructed with a polycarbonate base (nD ∼
1.55), a gold ﬁlm with a thickness of 40 nm, and an ambient
environment of air. A second proﬁle was constructed with a
sharper segmented shape to more closely approximate the
experimental proﬁle. Both the sawtooth and segmented proﬁle
are shown as insets in Figure 4.
The optical response of these gratings was computed using
the rigorously coupled wave analysis (RCWA) method.16 The
results are shown for transverse magnetic (TM) polarized light
through the grating structure, divided by transverse electric
(TE) polarized light through a ﬂat, gold-coated surface. The
upper image (Figure 4A) is for the sawtooth, and the lower
image (Figure 4B) is for the segmented proﬁle. The computed
transmission images have numerous features in common with
the experimental results (Figure 2A). Notably, the location and
intensity of the bright crossing lines associated with the ±1
diﬀracted peaks are in approximately the same location and
exhibit a similar magnitude of enhancement (with TM,max ∼ 5).
For the sawtooth proﬁle (Figure 4A), the enhanced trans-
mission features associated with the ±1 diﬀracted orders are
continuous until they intersect with the ±2 back-side peaks at
∼650 nm, where the intensity is extinguished. This behavior is
also observed in the experimental data. However, in the
experimental data, an additional drop in the light enhancement
for the ±1 order features is observed at ∼750 nm, where a
vertical energy gap appears. This energy gap is consistent with
behavior associated with coupling of SPPs to higher order
harmonics in the surface periodicity (more precisely, a surface
possessing an additional grating wavevector at twice that
coupling to the SPP), as has been reported previously.21
Notably, if one closely examines the model results from the
segmented proﬁle (Figure 4B), which possesses a more
signiﬁcant harmonic component in its proﬁle, a similar energy
Figure 3. Plot of peak energy (E) versus grating wavevector (kgr) for
matching conditions identiﬁed in Figure 2B for refractive index values
of nD = 1 (air, solid line) and 1.55 (polycarbonate, dashed line). Data
points corresponding to front-side (open squares) and back-side (solid
squares) features are also plotted.
Figure 4. Computed dispersion images for transverse magnetic (TM)
light through two diﬀerent grating proﬁles having a 700 nm pitch and
120 nm amplitude with a 40 nm gold layer: (A) sawtooth proﬁle and
(B) segmented proﬁle. The surface proﬁles for each image are
identiﬁed in the insets.
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gap also appears at ∼750 nm. In addition to these features, the
location and orientation of the other peaks and valleys in the
simulated images are quite similar to the measured image.
Notably, all of these features can be associated with the
excitation of SPPs at either the front (gold/air) or back (gold/
polycarbonate) sides of the grating. Of these modeled
responses, the experimental results more closely follow the
behavior of the segmented proﬁle in Figure 4B.
We, and others, have previously demonstrated that enhanced
transmission peaks associated with grating-coupled surface
plasmon resonance can be used to quantify the thickness of
adsorbed thin ﬁlms or changing dielectric media.8c,14,19,22 In
order to investigate the impact of thin, coated ﬁlms on the
various transmission features observed in Figure 2, we
constructed multilayer ﬁlms of arachidic acid. Langmuir−
Blodgett ﬁlm deposition was used in order to controllably
fabricate ﬁlms of varying thickness. Arachidic acid was spread
onto a deionized water subphase from a chloroform solution
and deposited at a ﬁxed ﬁlm pressure (Figure S.3, Supporting
Information). The arachidic acid monolayer was compressed to
a deposition pressure of ∼15 mN m−1. Film coating was then
performed by dipping the grating substrate through the
arachidic acid monolayer at the air/water interface. Multiple
layers were formed by sequential dipping at this ﬁlm pressure.
The typical response of the enhanced transmission peaks to
increasing adsorbed ﬁlm thickness is to produce a red-shift in
the peak positions. This is clearly seen for the transmission
peak associated with the −1 order (Figure 5) at two diﬀerent
angles of incidence. At θ = 0°, ﬁlms of 0, 3, 6, and 9 layers of
arachidic acid are shown, where each layer corresponds to a
bilayer of arachidic acid that forms during a dipping stroke
down and back up through the monolayer.23 The addition of
these ﬁlms produces a red-shifting and broadening of the
transmission peak (Figure 5A). A similar red-shifting and
broadening is seen when this peak is measured at an incident
angle of θ = 10° (Figure 5B).
A quantitative comparison of the peak shifts is illustrated in
Figure 6, where the shift in the transmission peak position is
plotted versus the ﬁlm thickness. The ﬁlm thicknesses were
measured using ellipsometry. According to the ellipsometry
results, the average thickness of the arachidic acid layer formed
during a single down/up dipping stroke is ∼4.5 nm, which is
consistent with a bilayer of arachidic acid being deposited (a Y-
type ﬁlm).24 Literature reports for a single arachidic acid layer
give a thickness of between 2.2 and 2.8 nm,25 which is
approximately half the measured thickness and consistent with
the formation of a bilayer. The thickness sensitivity of the
plasmon peak shifts is ∼0.55 nm shift/nm thickness at θ = 0°
and ∼0.9 nm shift/nm thickness at θ = 10°. These values are
similar to previous measurements of thin organic ﬁlms8c,14 and
consistent with the fact that the magnitude of the peak shifts
increases at higher resonant wavelengths, which is the case for
the higher sensitivity of the m = −1 peak at θ = 10° versus at θ
= 0°.14,26
Although the enhanced transmission peak associated with the
−1 diﬀracted order red-shifts in the presence of an adsorbed
ﬁlm as one would expect, the other transmission features
appearing throughout the transmission spectrum do not all
behave similarly. A more complete picture of the transmission
response can be seen with dispersion images of the surface with
various ﬁlm coatings. The shifts (and lack thereof) can be seen
most clearly through the use of subtraction images. Figure 7
depicts two such images. Figure 7A shows an image created by
subtracting the bare substrate image (Figure 2A) from the
dispersion image after deposition of a 3L ﬁlm (Figure S4B,
Supporting Information). This subtraction image will show
high contrast, and a blue followed by yellow/red stripes where
there has been a red shift in the peaks. Figure 7A shows these
features primarily along the ±1 diﬀracted orders associated with
the front side of the grating. A smaller, yet still noticeable,
contrast change is seen at the ±2 front side peaks. Very little
change is seen at the back-side peaks. This behavior is even
more evident when plotting the subtraction image created from
the dispersion image from the 6L layer ﬁlm minus the bare
substrate (Figure S4C, Supporting Information). In this image,
strong blue to red contrast is observed along the ±1 and ±2
front side features, with a much smaller change along the back-
side features.
The inﬂuence of a ﬁlm on the front side (gold/air) interface
on the location of the various SPP features can also be more
clearly seen by the use of the matching relation in eq 1. The
addition of a ﬁlm on the front gold/air interface has the eﬀect
of increasing the eﬀective refractive index at that interface from
Figure 5. Transmission spectra measured at an angle of incidence of
(A) 0° and (B) 10° through gold-coated grating with Langmuir−
Blodgett ﬁlms of arachidic acid at 0, 3, 6, and 9 layer (L) thicknesses.
The spectra have been oﬀset in the vertical direction for clarity.
Figure 6. Comparison of the shift in enhanced transmission peaks
(from Figure 5) versus ﬁlm thicknesses (as determined by
spectroscopic ellipsometry) at angles of incidence of 0° and 10° for
arachidic acid multilayers.
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a value of that for air (nD = 1), to a larger value. If one considers
how that behavior impacts the SPP coupling conditions as
described by eq 1, it produces a red-shift in all of the SPPs. This
is shown in Figure 8A, which plots the front side peaks
associated with the ±1 and ±2 diﬀracted orders for refractive
index values of 1, 1.1, and 1.2 for the neighboring dielectric. All
of these peaks red-shift with increasing refractive index value.
When plotted as energy (E) versus grating wavevector (kgr)
(Figure 8B), the result of a changing dielectric constant is the
appearance of a single new dispersion curve for each refractive
index. Thus, the eﬀect of a ﬁlm is to increase the eﬀective
refractive index of the air/gold interface, which shifts the entire
set of front-side plasmon peaks to longer wavelengths (or lower
energies). Notably, under conditions where the plasmon decay
length within the metal is small, such as due to the lack of
optical symmetry at the front and back metal surfaces, the
plasmons that form at the front and back side do not
communicate. In this circumstance, the back-side peaks would
be unaﬀected by the presence of a ﬁlm on the front side of the
grating, which would support the observed behavior where the
back-side peaks do not appear to shift in the presence of the
arachidic acid ﬁlms. Indeed, if one considers experimental
results from a 12 L arachidic acid ﬁlm, the front and back-side
features exhibit this behavior. In Figure 8B, the positions of
several front side peaks are plotted (open squares) and they all
fall nearly along the curve for an eﬀective refractive index of nD
= 1.2, as opposed to falling on the nD = 1.0 line without the
ﬁlm. In contrast, the back-side peaks (ﬁlled squares) still remain
near the line corresponding to the higher refractive index of the
polycarbonate (nD = 1.55). Notably, there are conditions, such
as in the presence of a very thin metal layer or with a symmetric
interface that can support long-range plasmons, where the front
and back-side SPPs would interact and both would be impacted
by changes in the dielectric environment on the other side of
the grating. However, that does not appear to be the case here.
■ CONCLUSIONS
Surface plasmon resonance sensors using nanostructured
surfaces, including diﬀraction gratings, have become an
increasingly popular alternative to the more traditional prism-
type couplers. The ability to fabricate nanostructures with well-
deﬁned surface topologies allows for ﬁne-tuning of the optical
response and a greater ability to control the nature of the
coupling to surface plasmons. With this added control,
however, comes an added complexity. For example, multiple
features, including multiple peaks and valleys, often appear in
the optical response of grating-coupled SPR. These additional
features are associated with the excitation of several surface
plasmon modes, which can be due to the two-sided nature of
the grating and also to excitation via higher diﬀracted orders.
This study focused on understanding the complex optical
response that can result from a grating-coupler scheme for
surface plasmon resonance sensing. For transmission-based
sensing, surface plasmons existing at both the front and back
sides of the grating can appear as features, either peaks or
valleys, in the transmission spectrum. Interpretation of these
features can be assisted through the use of dispersion images,
which plot the transmission spectrum as a function of angle of
incidence. Combined with optical modeling, we have shown
how the features in these dispersion images can be directly
indexed to speciﬁc plasmon modes, including the associated
diﬀraction order and the interface (front or back side) that the
surface plasmon exists. In addition, the sensitivity of these
features to changes in the local refractive index, such as via the
deposition of thin ﬁlms, is highly dependent upon the location
of the refractive index change. For the deposition of thin ﬁlms
on the metal/ambient or “front-side” of the grating, only the
front side features exhibited the characteristic red-shifting.
Features in the optical spectrum associated with metal/
substrate interface or “back-side” of the grating did not shift
in the presence of ﬁlm formation on the grating’s front side. For
an asymmetric grating, like the one used here, this would be the
generally observed behavior. However, for a grating in which
the wave functions of the surface plasmons at the front and
back-side interfaces overlapped, such as with a symmetric
Figure 7. Diﬀerence (Tp,film − Tp,bare) images created by taking
dispersion images of the (A) 3 layer and (B) 6 layer ﬁlms and
subtracting the bare or uncoated grating. High contrast (red to blue)
regions on this image indicate signiﬁcant red-shifting of the associated
dispersion features on the ﬁlm-coated samples.
Figure 8. (A) Calculated SPR matching conditions for front-side peaks
as a function of refractive index of the surrounding dielectric (nD). (B)
Plot of peak energy versus grating wavevector for refractive index
values of 1.0 (air), 1.2, and 1.55 (polycarbonate). Data points for 12 L
arachidic acid ﬁlm on grating for front-side (open squares) and back-
side (solid squares) features are also shown.
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grating or for one with an exceedingly thin metal ﬁlm, one
would expect interaction between front and back-side
plasmons.
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